Moringa (Moringa oleifera) is a plant that is commonly consumed as a nutritional supplement by some communities in South Africa. Contamination of moringa with toxic heavy metals could be deadly for consumers. However, some metal elements are essential for consumers in trace amounts. We therefore investigated the concentrations of heavy metals, including major and trace nutrient elements, in the soil and in the leaves and flowers of moringa grown on two farms in South Africa. After total digestion in the microwave, the concentrations of metals were determined using inductively coupled plasma optical emission spectroscopy. No toxic heavy metals were detected in the leaves and flowers of moringa. On average, moringa contained higher concentrations of Ca (18 500 mg/kg) and Mg (5500 mg/kg) than selected vegetables (spinach, cabbage, cauliflower, broccoli and peas). The concentrations of other major nutrients in moringa were similar to those of the vegetables. Based on reports of antioxidant activity, we also investigated the concentrations of flavonols (myricetin, quercetin, kaempferol) in moringa leaves and flowers in comparison with the selected vegetables. A high concentration of flavonols is related to antioxidant activity. Plant and vegetable materials were extracted under reflux using an acidified methanol (1% HCl) solution and the flavonols were identified and quantified using reverse-phased high-performance liquid chromatography with UV detection. Moringa leaves had higher concentrations of myricetin (1296.6 mg/kg), quercetin (1362.6 mg/kg) and kaempferol (1933.7 mg/kg) than vegetables (spinach: myricetin 620.0 mg/kg, quercetin 17.9 mg/kg, kaempferol 215.3 mg/kg). No major differences were found between the plants growing on the two farms. Moringa is thus nutritionally valuable and safe to consume.
Introduction
Moringa oleifera Lam (Moringaceae) is one of 14 species of genus Moringa and is the most common species in the genus. The first discoveries of the moringa tree can be traced back to India, Asia and some parts of Western Africa. 1 In Africa, Ghana, Senegal and Malawi have the highest production of moringa. South African farmers have also shown an interest in the plant and a few have started growing it. To date, the plant has had various uses, including medicinal, nutritional and industrial (such as the removal of toxic heavy metals from wastewater and in animal feed). [2] [3] [4] It has been shown that the leaves, flowers and fruits of moringa are more important nutritionally, whereas the roots, stem, wood and bark are known for their medicinal value (with stimulant, aphrodisiac, diuretic and cholagogic properties). 5, 6 The leaves of moringa are known to be rich in different forms of phytochemicals 7, 8 as well as nitriles, thiocarbamates and carbamates, with strong hypotensive and spasmolytic effects. 9 Epidemiological studies have shown that foods rich in antioxidants may provide protection against degenerative diseases such as coronary heart disease, cancer and Alzheimer's disease. [10] [11] [12] Free radicals in our bodies can kill cells, inactivate enzymes and degrade DNA and cell membranes. 13 Therefore, a high intake of antioxidants from dietary sources is very important as these compounds remove the free radicals in our bodies. 14 It has also been shown that natural antioxidants are better than synthetic antioxidants as they are less toxic and more potent. 15, 16 Various forms of natural antioxidants in plants include flavonoids, tocopherols, vitamin C and phenolic compounds. 17 Moringa has emerged as one of the plants which contain high concentrations of flavonoids; these compounds have been shown to be well distributed in the plant as they are found in leaves, flowering tissues and pollens. 18 Although moringa can tolerate a wide range of rainfall and soil conditions and is drought resistant, 19 these agroclimatic conditions can influence the nutrient and flavonol contents in the plant. In a report by Siddhuraju and Becker 5 , it was clearly shown that the antioxidant activities of moringa leaves from different countries varied widely. However, no South African plants were included in the study. Knowledge of the contents and effects of moringa grown in South Africa will be beneficial to those who consume the plants, as well as for product development of moringa extracts.
Moringa is used mainly by disadvantaged communities as a nutritional supplement in their daily diets, and so it is important to know the nutritional benefits of moringa. As well as nutritional benefits, it is also important to determine any detrimental effects of moringa consumption, such as heavy metal toxicity.
Heavy metal pollution of soil is a worldwide phenomenon. There are several sources of these metals, including mining activities, smelting, coal burning, urban compost, paint pigment and battery manufacturing, municipal wastewater sludge, leather tanning, metal finishing, phosphate fertilisers, atmospheric deposition and pesticides. 20, 21 In fact, soil is known to act as a reservoir for these heavy metals. 22 However, there are also other natural sources of heavy metals. Unlike organic compounds, inorganics are not degradable, which means they have longer half-lives in both terrestrial and aquatic environments. When these heavy metals are present in higher concentrations than is recommended, they become toxic to the ecosystem and, eventually, to humans 23 because the plants which are consumed by humans may accumulate these heavy metals. However, some of the elements, in trace amounts, are needed as they play an important role in biological, chemical, enzymatic, and metabolic reactions in the living cells of plants, animals and humans. 24 For example, minor nutrients such as iron, zinc and chromium are essential for the human body. Iron is present in two forms -haem and non-haem. Usually haem is found in red meat and
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The aims of our study were therefore to evaluate both heavy metals and metal nutrients in the soils in which moringa were planted as well as in the plant itself. We investigated the heavy metal contents of moringa plants, as well as the soil in which they were planted, on two farms in South Africa -in Atteridgeville in Gauteng, a highly industrialised region, 26 and in a rural village known as a Tooseng in the Limpopo Province. To indicate the antioxidant properties of moringa, we also investigated the flavonol contents. Metal nutrient and flavonol contents of the plant were then compared with those of commonly consumed vegetables. To our knowledge, no such study has been undertaken in South Africa.
Materials and methods

Chemicals and reagents
Quercetin, kaempferol, myricetin, methanol (HPLC grade), formic acid, nitric acid and hydrogen peroxide were all purchased from Sigma Aldrich (Johannesburg, South Africa). Stock solutions of quercetin (0.3 g/L), kaempferol (50 µg/mL) and myricetin (50 µg/mL) in methanol and 1% formic acid were prepared in the laboratory and kept at -18 °C when not in use. Ultrapure water (Milli-Q, Billerica, MA, USA) was used in all experiments and chemicals were used as received. The structures of flavonols analysed are given in Figure 1 . 
Instrumentation
A high-performance liquid chromatography (HPLC)-UV, SRI 210D (Los Angeles, CA, USA) equipped with a UV/Vis detector (VUV-24) and a Phenomenex C 18 column (150 x 4.6 mm, 5 µm) was used for the identification and quantification of flavonols from methanolic extracts. Metal content was analysed using inductively coupled plasma optical emission spectroscopy (ICP-OES) (Spectro Genesis, Spectro, Germany).
Preparation of samples
Leaf samples The number denotes the year in which the tree was planted and LF and AF stand for the farms in Limpopo and in Atteridgeville, respectively. The leaves were immersed in a container of deionised water for 1 min to remove surface contaminants. The leaves were then lyophilised for a few days. After freeze drying, the samples were homogenised and ground into a fine powder and kept in the dark in a cool place until further use. Moringa flowers were processed in the same way but were collected only from 2010LF trees.
Vegetable samples
Vegetables commonly consumed by South Africans (spinach, cabbage, peas, cauliflower and broccoli) were bought from a local supermarket in Gauteng. The inedible parts were removed with a sharp steel knife. Then, about 1.0 kg of the edible part of each vegetable sample was washed with tap water. A sharp knife was used to cut the washed parts into small pieces of approximately 1x1 cm. The vegetable samples were then processed in the same manner described above for the moringa leaves.
Soil samples
Soil samples were collected from adjacent to the trunk of the tree from which the leaves were collected and were labelled clearly to correspond with the leaf samples. A spade was used to dig to a depth of about 10-15 cm next to the plant roots and the soil within this area was collected. The soil was air dried, homogenised and passed through a 1-mm sieve to remove big particles and stones. The soil samples were then milled to a fine powder using a commercial pulveriser (Fritsch pulverisette 6, Fritsch GmbH, Idar-Oberstein, Germany).
Determination of dry matter
For dry matter determination, about 3 g of freeze-dried leaf samples (in triplicate) were dried in an electric drying oven (Labotec Model 321, Umhlanga, South Africa) at 70 °C for 3 days until a constant mass was achieved.
Total digestion
A mass of 0.1 g of freeze-dried leaf sample was placed in a microwave digestion vessel. To this was added 8 mL concentrated nitric acid and 2 mL hydrogen peroxide. Digestion was carried out for about 30 min in the microwave. After digestion, the sample was transferred to a 25-mL volumetric flask and made up to volume with deionised water. The solutions were directly analysed for metal content using ICP-OES. All digestions were carried out in triplicate.
A similar protocol was followed for total digestion of the soil samples.
A mass of 0.1 g of dried soil sample was placed in a microwave digestion vessel. However, 6 mL of concentrated hydrochloric acid, 2 mL concentrated nitric acid and 1 mL hydrofluoric acid was added to the vessel. When the digestion was finished (after about 50 min), 6 mL boric acid was added to each vessel to neutralise the hydrofluoric acid. The solutions were transferred into 25-mL volumetric flasks and made up to volume with deionised water. All solutions were measured for metal content using ICP-OES. All digestions were carried out in triplicate.
Extraction and hydrolysis of flavonols
Extraction and hydrolysis of flavonols were carried out using the method of Sultana and Anwar 27 with slight modifications. Briefly, 100 mL of acidified methanol containing 1% (v/v) HCl was added to 5 g freeze-dried leaves contained in a 250-mL round-bottomed flask. The flask was fitted with a reflux condenser. To this flask was added 20 mL of 1.2 M HCl and the mixture was heated at 90 °C for 14 h to obtain aglycons of flavonols and some phenolic acids. The extract was cooled to room temperature and then sonicated for 5 min to remove air and filtered through Whatman filter paper. Finally, the extract to be used for direct injection for HPLC was further filtered through a 0.45-µm filter paper (Millipore, Bedford, MA, USA). When not in use, the extract solution was stored at -18 °C.
Quantification of flavonols
A methanol:water solution (45:55) containing formic acid (0.13 M, 1.0 vol%) was used as a mobile phase. The flow rate was 1 mL/min. A column oven temperature was maintained at 40 °C. The injection volume was 20 µL and detection of myricetin, quercetin and kaempferol was accomplished at 370 nm. Quantification of quercetin and all other compounds tested was performed using a five-point calibration curve of standards at concentrations between 0.5 µg/mL and 20 µg/mL.
Results and discussion
Flavonols in moringa grown in South Africa
The flavonol content of Moringa oleifera leaves is reported as the concentration of quercetin, myricetin and kaempferol in Table 1 . Table 1 shows that the sample of moringa leaves taken from plants grown since 2009 had the highest concentration of flavonols (5121.9 mg/kg). This concentration is closely followed by the 2010 sample which had a total concentration of 4535.7 mg/kg. The 2006 sample had the lowest concentration of total flavonols (4447.1 mg/kg). However, looking at individual concentrations of the three different flavonols assayed from these plant samples, the 2009 sample had the highest concentrations of quercetin (1972.8 mg/kg) and kaempferol (2145.2 mg/kg). Myricetin ranged from 1004 mg/kg to 1809 mg/kg. Interestingly, the total flavonol content in our samples was comparable to that obtained by Sultana and Anwar 27 (6125.6 mg/kg) for moringa grown in Pakistan. However, the distribution of flavonols differs, as Sultana and Anwar found that the moringa in Pakistan contained 5804.4 mg/kg myricetin, 281.0 mg/kg quercetin and 40.2 mg/kg kaempferol. The three flavonols -kaempferol, quercetin, and myricetin -were investigated in detail and found to reduce the risk of pancreatic cancer by 23% 28 and are thus very important nutritionally. 
Error bars are ± RSD
In a study by Siddhuraju and Becker 5 , it was reported that the quercetin concentration of M. oleifera leaves ranged from 634 mg/100 g to 2749 mg/100 g while kaempferol levels ranged from 105 mg/100 g to 647 mg/100 g. It is clear that the quercetin levels obtained in Siddhuraju and Becker's study were higher than those obtained in the present study, whilst kaempferol levels were similar to those of the present study at about 1200 mg/kg. Such differences are largely attributed to factors such as agroclimatic region, post-harvest handling, genetic variability and stage of leaf development. 5, 29 It was shown in the same study 5 that flavonol contents of samples obtained from India, Niger and Nicaragua were different.
A typical calibration curve used for the quantification of the three flavonols by HPLC is shown in Figure 2 . Good precision was obtained as R 2 values were close to one. 
Soil properties
In order to understand the relationship between the concentrations of metals in the soil and those in the plants grown in the soil, selected soil properties -conductivity, pH and redox potential -were investigated. The properties of the soil samples are given in Table 2 . 
Soil pH
The pH of the soils was measured using two methods. The first method involved using a suspension of soil and deionised water in a 1:2 ratio and the second involved using a suspension of soil in a solution of CaCl 2 (0.01 M) in a 1:2 ratio. 30 When deionised water was used, the pH of the soil was found to be in the range of 7.32-8.24. Whereas when a CaCl 2 solution was used, the soil pH was in the range 4.62-7.85. Because of the high pH level in the soil in which moringa was grown, it is possible that, to a certain extent, some trace metals were not available for plant uptake. A low pH (acidity) increases the mobility of trace metals as a result of a greater likelihood of cation exchange reactions taking place. The optimum soil pH required for moringa plant growth is 5.0-9.0. 31 The soil pH values reported above are within this range.
Electrical conductivity
The electrical conductivity of soil is related to the presence of cations and anions. High electrical conductivity indicates a high concentration of ions in the soil. However, similar values of electrical conductivity between two soils do not mean that the ions present in the soil are the same. A slight variation between the soils is possible. The electrical conductivity values of the soils in this study are presented in Table 2 .
The soil obtained adjacent to the oldest plant (2006LF) had the highest electrical conductivity. The conductivity of the soil adjacent to the older plants (2006LF and 2009LF) may be higher than the soil from around the young plants because of a greater presence of nutrients and other metal ions as an older plant absorbs these from soil further away. However, the observed differences should be treated with caution because the data could not be evaluated for statistical differences. To make any conclusions regarding the effect of the age of a plant, several plants of the same age would need to be investigated.
Redox potential
The redox potential (E h ) shows that the soils were under basic reducing conditions, which further illustrates the inability to release heavy metals to the plants. 32 This result could explain why no toxic heavy metals were detected from the moringa samples. Generally, positive E h values are characteristic of bottom deposits which are poor in organic matter or which are well oxygenated, whereas negative E h values are associated with bottom deposits which are rich in organic matter. 33 
Metal content in soil
Metal content of the soils in which the plants were grown was determined from total digestion solutions using ICP-OES. This analysis is important as it gives the relative concentrations of metals in the soil and in the plants. These results give an indication of whether there is a source of contamination in the soil or if the metals are just naturally abundant. Because moringa leaves are consumed by people it is imperative to know the concentration of toxic heavy metals in the soil as these metals can be taken up by the plants and cause harm, or even death, 22 when consumed.
Metals found in the soil can be divided into two categories: major nutrients and trace elements. Major nutrients (K, Na, Ca, Mg, P) are needed by both plants and humans in large quantities, whereas trace elements (Zn, Mn, Cu, Cr, Co, Ni) are needed only in small quantities by both plants and humans. The concentrations of major nutrients and trace elements in the soils in this study are shown in Figures 3 and 4 , respectively. Polluted soil might contain toxic heavy metals such as Pb, Hg or U. These toxic heavy metals were not detected in the soil samples we analysed.
Generally, the soils from the farm in Limpopo contained higher concentrations of major nutrients than the soils from the farm in Atteridgeville (Figure 3) . Soil from the farm in Limpopo contained the highest concentration of K (15 000 mg/kg), Ca (3200 mg/kg) and Mg (3000 mg/kg). However, soil from the farm in Atteridgeville contained a higher concentration of Na (7000 mg/kg) than soil from the Limpopo (5800 mg/kg). The concentration of Ph was similar in soils from both farms (Figure 3) . The concentration of Mn in the soil from the farm in Limpopo was 650 mg/kg, while that from the farm in Atteridgeville was 550 mg/kg. Other minor elements investigated were below 100 mg/kg, except the concentration of Cr in the soil from the Atteridgeville farm (which was about 240 mg/kg). High concentrations of these trace metals (particularly Fe and Mn) were reported by Gonzalez and Gonzalez-Chavez 34 in urban soils and soils from waste dumpsites. They noted that the anthropogenic sources of these elements could not be ruled out. The concentrations of the trace elements -Cr, Cu, Zn and Pbdetermined in this study were compared with standards from Germany, the UK and Canada. The concentration of Cr in the soil from the farm in Limpopo was lower (80 mg/kg) than the German standard (200 mg/kg) and similar to the UK (60 mg/kg) and Canadian (85 mg/kg) standards. However, the concentration of Cr in soil from the farm in Atteridgeville was the highest at about 240 mg/kg. Higher concentrations of Cr in soil from the Atteridgeville farm could mean possible contamination of the soil by an anthropogenic source. However, it is difficult to pinpoint the source as there are no previous data on the soil at that site.
The concentration of Zn in the soil from the farm in Limpopo was 30 mg/kg and from the farm in Atteridgeville was 15 mg/kg -these concentrations are well within the German, UK and Canadian standards of 300 mg/kg, 300 mg/kg and 400 mg/kg, respectively. Pb concentrations in soils from the Limpopo and Atteridgeville farms were 120 mg/kg and 130 mg/kg, respectively, while the German, UK and Canadian standards for Pb are 500 mg/kg, 100 mg/kg and 200 mg/kg, respectively. The concentration of Cu in the soil from the Limpopo (30 mg/kg) was within the German, UK and Canadian standards of 50 mg/kg, 100 mg/kg and 100 mg/kg, but the concentration of Cu in the soil from Atteridgeville exceeded the German standard at 80 mg/kg.
Metal content in moringa leaves and vegetable samples
It is well known that the use of agrochemicals for the intensification of agriculture can result in the accumulation of heavy metals. We therefore analysed the metal content of the moringa leaves and flowers and some vegetables (spinach, cabbage, peas, broccoli and cauliflower). The concentrations of the major nutrients and trace elements are shown in Figures 5 and 6 , respectively. The concentrations in moringa of these metals were compared with those in the vegetables and related to soil content to determine if a correlation existed.
It can be seen in Figure 5 that moringa contained a higher concentration of Ca than did the vegetables. The results suggest that the older the plant, the higher the Ca concentration, perhaps as a result of a longer period of uptake. However, spinach, broccoli and cauliflower had higher concentrations of K than did moringa. Crushed LF refers to moringa leaves which were purchased in packets. (at 9000 mg/kg). The concentrations of the other nutrients analysed were similar among the plants. Moringa is more comparable to spinach than the other vegetables, in terms of major nutrient concentrations.
Other trace elements such as Cd, Cu and Pb were not detected in the present study; the plants can be described as deficient in these metals. 35 Results showing the Cr and Zn trace nutrient analyses are shown in Figure  6 . These values were interpreted using those reported by Pugh et al. 35 ( Table 3) . Zn concentrations in moringa were in the range of 10-150 mg/ kg, which is regarded as normal (Table 3) . Therefore, the moringa plants investigated in this study are safe for human consumption as far as the level of trace elements is concerned. By comparing the levels of trace metals in the moringa leaves with those in the soils, we determined that the moringa plant is not able to absorb these trace metals from the soil. Hence the source of trace metals in the leaves might not be from the soil, 23 but rather from other sources such as atmospheric deposition, and the concentrations may be influenced by the absorption capacities of the plants for heavy metals. 36 Numerous environmental factors including wind velocity, temperature and moisture, and the nature of the vegetables (e.g. exposed surface areas of leaves, roots and fruit and whether the exposed parts are smooth or hairy) could influence metal uptake by plants. 36 However, because only the leaves were investigated here, the accumulation by roots is not known. Nonetheless, if the roots did accumulate heavy metals, they are not transferring them to the leaves. 35 Because of a relatively large abundance of Fe compared with the other minor nutrients (Figure 6 ), the Fe concentrations are given above the bars in Figure 6 . Moringa contained more Fe than did the selected vegetables. Because of difficulties associated with the absorption of non-haem by the intestines, it is generally recommended that green leafy vegetables be consumed together with foods containing vitamin C, such as orange juice, broccoli and tomato. 37 However, in the case of moringa, which is high in both Fe and vitamin C, co-consumption is not necessary.
Conclusion
The concentrations of heavy metals in soils in South Africa in this study were in the range of those published as maximum allowable concentrations in Germany, Canada and the UK. This finding implies that the soils in which the moringa trees are planted in the Limpopo and Atteridgeville are not polluted by heavy metals, and as such the moringa is fit for consumption. In addition, moringa does not accumulate metals in its leaves. On average, moringa leaves contained a higher concentration of mineral nutrients than locally sourced vegetables. Moringa leaves also contained substantial amounts of flavonols, justifying the use of moringa as a natural antioxidant.
